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1Due to recent progress in experimental techniques, one can witness a 
transition from a purely empirical research approach to atomic and mo­
lecular level studies of complex systems. This thesis addresses problems 
relevant to two chemical areas of industrial interest: supercritieal
fluid extraction and sol-gel process for preparing glasses or ceramics. 
The thesis is divided into three main parts. The first part deals with 
the FTIR study of anthracene in compressed supercritical C02. The pres­
sure effects on hydrolysis of tetramethoxysilane are discussed in the 
second part. The attempt for random-walk simulation of particle growth 
concludes this study.
Chapter I
FTIR Measurement of Anthracene in Supercritical C02 
A* Introduction
During the pa3t few years solvent extraction with supercritical 
fluids has become an important technological process. It has been used 
in decaffeinating coffee beans [1], regenerating activated carbon [2], 
deasphalting petroleum [33* separating organic chemicals from water [H], 
separating of a mixture of aromatic isomers [5] and in many other proc­
esses [6]. In these extraction processes the effectiveness of the sol­
vent is characterized by solubility data of the solid. So far, most 
solubilities have been measured using flow techniques [7,8]. Two new 
methods have recently been developed in this laboratory, one involving 
NMR high pressure experiments [9], and another using infrared absorption 
measurements. FTIR is especially well suited to determine solubilities 
in supercritleal fluids because aromatic molecules have numerous IR ac­
tive modes, and it is easy to find one or more characteristic bands well 
isolated from the solvent bands. The intensity of the solute band can be 
accurately determined, and from the Lambert-Beer law concentrations of 
solids can be found at various temperatures and pressures.
In this paper, we describe the FTIR technique and then present the 
results for the C02 - anthracene system. Solubility data for anthracene 
are scarce} until now only two studies have been reported. Rossiing and 
Frank [10] used UV absorption measurements and from peak Intensities
3found solubilities of anthracene in numerous fluids (CO.,, NH^, HpO,
CHFj and others) at temperatures varying from 20°C to 200°C and pressures 
up to 2000 bar. Kwiatkowski et al. Ml] used the flow technique and 
limited their study of anthracene in C0? to 1J0°C and pressures ranging 
from 100 to 200 bar. Our results are compared to those reported In R^fs. 
10 and 11 and also presente 1 in the form of the enhancement factor. This 
factor measures the extent to which a solvent enhances the solute concen­
tration C as compared with the vapor concentration C° in equilibrium with 
the solid phase without the solvent.
B. Experiment
The concentration of a solute in a solution can be found from the 
intensity of the IR absorption band. Absorbance is given as A * In , 
where IQ is the background and I(v) is the intensity of the vibrational 
peak at frequency v, and according to the Lambert-Beer law it Is propor­
tional to
A( v) - c( v) C d . (1)
C is the concentration of the sample in solution, d is the optical path 
length and e(v) is the absorption coefficient characteristic for the 
vibration band. For this study we concentrated on the C-H stretching 
vibration modes of anthracene located at about 3060 cm-1. The molar 
absorption coefficient at the maximum of the 3060 crrf1 band was found to 
be e - 180 1 cnf1 mol~1 10#. The detailed discussion of this value as
well as how it has been determined is given in the next section.
4All the experiments were performed U3ing the FTIR Nicolet 9000 se­
ries spectrometer. Construction of the high pressure IR cell built of 
stainless steel and equipped with cylindrical saphire windows of diameter 
18 mm and thickness 1? mm is based on that described in Ref. 12. The 
windows were mounted on stainless steel plugs using a very thin indium 
foil spacer (5 urn). To allow measurements with the optical path length 
less than 1 mm, the windows were constructed in such a way that the win­
dow cups were completely hidden and did not protrude above the window 
surface (see Fig. 1). The distance between the windows could be changed 
from 0.2 mm to 16 mm by using Rridgeman type O-rings of different length. 
The optical path length was determined to within ♦ 0.03 mm.
Temperature was measured using a thermocouple located within the 
sample cell. Temperature was regulated by circulating fluid through the 
heating jacket surrounding the cell. Although the windows are located 
well inside the cell (Fig. 1), we found that their surface temperature 
was slightly lower (up to 30(' than that of the cell. Thus, in order to 
prevent deposition of vapor anthracene on the cooler windows, the windows 
were heated by electrical coils mounted on the plugs.
Ultra pure C02 was purchased from Scientific Gas Product, Inc. This 
gas contained less than 1 ppm of hydrocarbons which absorb infrared ra­
diation at frequencies from 3010 cm”1 to 28f>° , below the region
where anthracene C-H bands are located. Prior to the main ^xperlm^nt, 
the absorption spectra of C02 were recorded at all of the studies tem­
peratures and pressures. These spectra were later carefully subtracted 
from the overall band shape of anthracene - C02 mixtures.
5Several pieces of anthracene crystals were inserted through the 
thermocouple opening and were placed in a shallow dent in the bottom of 
the cell well below the light beam. To avoid contamination with water and 
atmospheric gases, the system (membrane compressor, tubings, valves and 
the cell) was purged with CO^ and later vacuum pumped. Spectra were 
recorded and stored only after the solubility equilibrium had been 
reached. This usually took 30 minutes, but In a few cases we waited from 
8 to 12 hours to be sure that equilibrium had been reached. Pressure was 
determined within 0.5 bar and temperature was stabilized to better than + 
0,2°C. The densities of COp at various pressures and temperatures were 
calculated from the fifth order polynomials found by the least square 
fitting routine to the density data published by Newitt et al. [13].
C. Results
The solubility data of the anthracene in carbon dioxide are listed 
in Table 1 (in mol 1 and Table 2 (in mole fraction), and some values 
are also plotted in Fig. 2. The experimental error of the A/d ratio 
found by repeating the measurements 3 times, each with different optical 
path lengths is less than 5%, but we estimate that the data in Table 1 
are accurate only o within 20*. This is because of uncertainties as to 
the value of the molar ab^orptIon coefficient, e. IR absorption measure- 
ments of vapor anthracene in equilibrium with the solid phase provided us 
with e * 2*00 + 20 1 cm me' ’, Because vapor concentration of anthra­
cene is very small at room temperature [10]* the calibration measurements 
were taken at elevates temperatures varying from 120°C to 150°C. At
6these temperatures, condensation of anthracene on the windows was a seri­
ous problem so the cell 150mm long was equipped with double KBr windows* 
Since the e is proportional to the transition dipole moment which is 
sensitive to intramolecular interactions, e may vary with solvent. For 
example, we found e of the C-H band of anthracene to be 230 ♦ 10 
t cm'1 mol'1 and 205 + 9 1  cm'1 mol'1, for CS2 and CCLjj solutions,respec­
tively. We found our data to be in good agreement with the solubilities 
of anthracene in C02 published by Ros3ling and Franck [10] (as illus­
trated in Fig. 3) for the molar absorption coefficient e « 180 1 cm'1 
mol'1. All the calculations of anthracene concentration in C02 were 
performed using Eq. 1 assuming t - 180 1 cm'1 mol'1. Since the e may 
change with temperature, pressure and also with anthracene conoentration 
in solutions, we have examined the C-H mode molar absorption coefficient 
of anthracene under various conditions in CCL^ solutions. No trend has 
been observed because the data were scattered within the estimated 
experimental error. Based on these observations we assumed that the e in 
C02 solutions was constant at the pressures and temperatures studied.
Comparison of our data with other reported solubility data [11] 
obtained by using the flow technique is not as satisfactory. Kwiatkowski 
et al. [11] found concentrations of anthracene in C02 to be larger than 
those cited in this paper by about 30* (compare Table 2), and these dis­
crepancies cannot be attributed to inaccuracies in determining the c 
values. It is worth noting that the flow technique used by Kwiatkowski 
et al. [11] is not well suited for measurements of concentration at low 
solubilities on the order of 10'5 mole fraction, in contrast to the FTIR 
absorption method employed in this study.
7Tt is useful to present the concentration data, C, in the form of 
enhancement factor C/C°, where C° Is the vapor concentration in equilib­
rium with solid phase (C° values were found ir ble 2 of Ref, 10). After 
a steep increase the enhancement exceeds a value of 10^ at 40°c and 
at 95°C (compare Fig. M. Although the absolute solubilities increase 
with increasing temperature the enhancement factor declines at higher 
temperatures. At low pressures the enhancement factor increases linearly 
with solvent density to about 0,9 kg/1 and later a saturation is ob­
served. A further rise of solvent density does not affect the enhance­
ment factor. A similar observation was reported previously by Rossiing 
and Franck f10].
In Fig. 5 we present frequency shift data for three representative 
temperatures. With increasing temperature and/or pressure the C-H band 
of anthracene shifts to higher frequency. To the best of our knowledge, 
this blue shift is characteristic for repulsive forces dominating in the 
intermolecular interactions [1M,15], This observation is limited to the 
C-H vibrations located in the plane of the anthracene molecule, and 
therefore does not preclude the possibility that attractive forces domi­
nate the interactions between CO2 and the ir electron system of anthracene 
causing the increased solubility. Additional experiments focusing on 
frequency shifts of ring vibrations of anthracene are now in progress.
8Figure
Figure
Figure
Figure
Figure
Figure
Captions
1. High pressure stainless steel IR cell. 1 - cell body, 2 - 
plug, 3 ~ 3aphire window, 4 - Bridgeman rings, 5 - window cup, 
6 -extraction ring, 7 - electrical coil, 8 - high pressure 
tube with connection to the cell. Thermocouple inlet is per­
pendicular to the section shown.
2. Solubilities of anthracene in CQ? at different densities. 0;
0.29H kg/1, A: 0.6^3 kg/l,[]: 0.803 kg/l,V: 0.876 kg/1,
1.001 kg/1.
3. Solubilities of anthracene In carbon dioxide at 50°C. Squares
- this study, circles - Rossling and Franck data [10]. 
Enhancement factor, C/C°, for the anthracene + C0? system at 
different temperatures: 0 - 40°C, □  - 60°C, A - 95°C.
• Frequency shift of the maximum of the C-H band of anthracene 
as a function of density. - data taken at 950C , O -  60°C 
and 0 - H0°C.
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Table i. Solubilities of Anthracene in CO­
DENSITY
Ckg/1"1]
PRESSURE
[bar]
TEMPERATURE
[°C]
SOLUBILIT 
[mol/l"' ]
.294 80.4 40 2-6l10-5
84.4 45 5.21io~5
89.0 50 5-94,0-5
94.7 55 7.««,0-5
99.8 60 9.6710-5
106.5 65 1.12,0-4
113.7 TO 1-33,0-*
118.4 T5 1.64,o-4
124.0 80 2.21,0-*
129.0 85 2.«9,o-*
132.6 90 3.**,o-*
137.0 95 4.44,0-4
.643 100.0 40 2.49,0-4
1*3.9 ' 50 4-06,0-4
168.8 60 6.17,o-4
180.3 65 7.88,0-4
194.8 70 9-77,0-4
216.7 75 1.23,o-3
232.3 80 1.54,o-3
247.3 85 1.84,0-3
267.0 90 2.37,0*3
272.2 95 2.95,0-3
i:>
.803
.8757
69.5 20
93.9 25
119.7 30
1 4 4 . 3 35
168.4 40
194.6 45
215.0 50
244.7 55
275.1 60
294.7 65
318.2 70
344.6 75
372.1 80
394.3 85
416.7 90
444.0 95
122.0 20
152.0 25
180.4 30
212.4 35
249.0 40
273.4 45
319.6 52.5
335.0 55
350.6 57.5
2.0310-i|
2- 55,0-"
3- 77,0-U 
<*.58)0-l» 
6.09,0-H
7*57,o“" 
9*83,0-9 
’•23,0-3 
'*53,0-3 
’ •9’ ,0-3
2- 39,o-3
2.95.0- 3 
3.5810-3 
"•36,0-3
5 ."",o”3
6.81.0- 3
3- 26,0-11 
".21,0“"
5.38.0-  H
6.97.0- " 
8-89,0-8 
' •1 " io ”3 
' *77,0-3 
’ ‘8*10-3 
2-10,0-3
j1
16
363.2
397.4 
‘113.1 
“31.2 
“““.6 
460. 4 
“93.2 
52“. 1 
557.9
588.4
•9147 158.0
196.4
237.5
268.3
298.8
380.0
394.0
412.0 
“50.0
483.8
517.8
555.5
586.3 
627.2 
666.7
2*35]o'3
2- 8310-3
3- 11io~3 
3.5010-3
3.88.0- 3 
**• '7,q-3
4- 97,0-3 
8.21 ,o"3 
7*36,0-3
8.83.0- 3
3.4310-4
4.33.0- 4
5.78,q-4
7.24,c-4
9.18.0- 4 
'•72,0-3 
1*83,o-3 
2.03,o“3 
2*54,0-3
3.09.0- 3
3.75.0- 3
^•5710-3 I
5.5910-3
6.6H10-3
7.8910“3
60
65
67.
70
72.
75
80
85
90
95
20
25
30
35
HQ
50
52.5
55
60
65
70
75
80
85
90
17
1 .001
1.053
33*».0 20 3.9210-K
378.6 25 <*.6310-K
122.2 30 5.97,0-0
<•71.7 35 7.7610-K
513.1 1*0 1-05,0-3
56K.it 45 1•3'io"3
620.0 50 1-99,0-3
701 .K 60 2-78,0-3
7K8.3 65 3-08,0-3
789.0 70 *•18,0-3
839.5 75 *.97,o-3
887.3 80 5-91,0-3
930.3 85 7.12,o-3
975.7 90 8-*110-3
1020.5 95 9-93,0-3
500.0 20 6.11,o-K
605.0 30 9.91,0-1
726.8 40 1 -*3,o"3
836.3 50 2.22,o“3
890.9 55 2-67,0-3
9K6.8 60 3*21,o-3
999.1 65 3-90,0-3
1053.2 70 *.75,o-3
1105.K 75 5-71,q"3
1156.5 80 6.77,0-3
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Table 2
Solubility of anthracene in carbon dioxide at 40°C. 
(Concentration in mole fraction X 10^)
Chapter IT
High Pressure Study of Hydrolysis
A. Introduction
The study of silicon containing gels has been under study recently. 
With their ability to form homogeneous, high quality glasses, without 
having to go through high temperature firing, they have proved to be 
quite interesting and at the same time a complex system to understand.
The gelation procedure takes place in two steps, hydrolysis and condensa­
tion. In this study we will focus our interest on the hydrolysis step and 
the general dynamics behind the reaction.
Hydrolysis of a silicon alkoxide SHOR)^ to the monosilicic acid 
Si(OH)jj does not occur in one step but has several intermediates. The 
partially hydrolyzed species Si(0R)30H, Si(0R)2(0H)2 , Si(OR)(OH)3 are all 
seen under reaction conditions where the hydrolysis time is measurable.
At low pH, hydrolysis is very fast, occurring in less than a few minutes. 
Thus, it is difficult to be observed experimentally. However, at neutral 
pH*s, hydrolysis is slow and can be detected by either NMR, Raman or IR 
techniques. Artaki, et al. [16] based on the Raman, UV, and NMR study of 
sol-gels with different chemical additives postulated that the hydrolysis 
depended upon the viscosity of the solution. In order to test this 
hypothesis, we monitored hydrolysis reaction as a function of pressure 
and pH and observed the resultant effects.
19
20
B. Experiment
The samples were prepared identically throughout the experiment with 
the one change being the pH of water added. A H^O/methanol mixture was 
added dropwise to a solution of SiCOCH^)^ and methanol. This solution 
was being stirred while the addition was taking place and then stirred 
for an additional one to two minutes afterward. The concentrations of 
the species were chosen so that our final solution contained 1.6 Jj, sili­
con and has a 10:1 molar ratio of water to silicon. The Raman samples 
were run at 27°C. Initially, the solution wa3 placed in the cell and 
then the spectrum was recorded. However, since we could not completely 
clean the cell each time, and any particle that was left would serve as a 
site for nucleation and hence speed up the reaction, we used glass in­
serts instead. Now the sample was placed in the glass inserts with its 
movable piston, and this was placed in the cell. The pressurizing medium 
in the cell was acetonitrile. This was chosen because it did not have 
vibrational bands in the investigated frequency region. The data was 
taken at constant conditions, meaning that the cell wasn’t moved after it 
was initially aligned, the optics were not changed and the laser pi wer 
was constant. The Raman spectrometer consisted of a Spectra-Physics 
argon ion laser operating at ^88 nm and 0.5W output power. A 1.2 crrf1 
slit was used, and the scanning interval was equal to 2 cnT1 • The laser 
was polarized vertically with no analyzer. Spectra were recorded every 
20 minutes and stored on floppy disks, which were later transferred to a 
VAX-11 computer where data analysis was done. The spectra themselves 
took 20 minutes to run, and this was our limiting factor in the experi­
ment. It took at least 10 minutes to place the gel in the glass inserts,
21
the insert into the high pressure cell, and then alignment of the cell, 
so we could not find accurately the starting intensity of the TMOS band. 
The temperature was regulated by a Lauda circulator.
The viscosities of the solutions were measured at different pres­
sures by a falling slug viscometer [17]. The densities were measured by 
a densitometer, described previously [18],
C. Results
The TMOS initially present in our solution reacts with water to 
varying degrees until it is completely hydrolyzed. Because of the dif­
ferent reduced masses of these partially hydrolyzed species, we can sec 
them as distinct peaks.
Si ( O R ) ♦ n H20 + Si (O R ) ( 0 H ) n ♦ n ROH
Typical Raman spectra recorded at different times are shown in Fig.
6. The band assignments of these spectra are given in Table 3. As the 
reaction proceeds, the TMOS concentration decays, while the other species 
first increase, but later decrease in time. This is shown in Fig. 6. 
Because of the special precautions that were taken, the intensity of the 
Raman peaks are proportional to the concentration. Fig. 7 depicts the 
time dependence of the TMOS concentration in sol-gel prepared at pH - 6. 
We can notice that hydrolysis proceeds faster by a factor of 6 when the 
pressure is Increased from 1 to 2000 bar. In the same pressure region 
viscosity increases by only 30$ (Table 5). This is in disagreement with 
the previously mentioned viscosity-hydrolysis relationship. It is worth­
while to note that viscosity appears to be volume dependent. When we 
measured the viscosity with the falling slug viscometer, we found differ­
22
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D. Conclusion
This study 3howed that there Is no linear dependence of hydrolysis 
versus viscosity. We see an increased rate of reaction with increasing 
pressure, although it is hard to learn a lot because of the errors in the 
data at higher pressures. There is no observed pH effect on the rate 
constant. The high pressure study allows us to find the activation 
volume which is -1u cmVmol and the compressibility factor which was 
found to be -15 cm^/mol. Proposed studies will be concerned with 
more data acquisition at the higher pressures, s0 that we can have more 
points to see any possible pressure effects.
24
Table III. Band Assignments for the various 
species of monosilieic acid
v (cm-1) Assignment
6«5 Si (och3)4
675 Si (OCH3)3 OH
695 Si (OCH3)2 (0H)?
720 Si (0CH3) (0H)3
795 Silicon Dimers
830 Silicon Network
25
able? IV. Rate Constants 
and Pressure
as a FunotIon of pH’s
ressure pH = 4.9 pH - 6.0 pH = 7.5
1 - . 160278? -
2C>0 .9243120 . 2 W 3 H  8 .2489051
500 - .3H09718 .2679715
1000 .4387539 . 0^30^86 .3729084
2000 1.608015 .831177? 1.065282
26
Tab Ip V. Relative 3ol~t*e1 Viscosities
Pressure (bar) Viscositier 
1 1.00
250 -
500 1.00
1000 1.14
2000 1.28
Gelation Times (Hrs.)
V i scome ter
nnr-it ai nrj) (Ro t a t e d )
2?. 0
Rarnan f’eli
18.0
vr* 1 5 . 0  
11.0 6.83 
8.0 6.33
27
Table VT. Sol-gel Hensities
Pressure (bar) Density
1 0.9167
/>b0 0.9568
'.;)n 0 .'->717
1 000 0.99^6
0000 i .0312
1 i _j J AJlIJ IDiad 
££9 069
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Random Walk Model of Particle Growth
A. Introduction
As we have seen, the sol-pel system is an interesting one, but yet 
difficult to understand. Another approach to understand more about it, 
is to look at the condensation step, where the particle is being formed. 
Recently, there has been a lot of effort put forth to understand the 
process of particle growth. Computer simulations are especially well 
suited for this purpose, and there are numerous studies on this [19-22], 
However, most of these are limited to the growth of atoms in ? dimensions 
[19-22]. In this study, we attempt to simulate the growth of the gel 
particles in 3 dimensions with our basic interest being the complete 
monosi1icic acid molecule. This is possible because the chemical reac­
tions leading to the particle formation proceeds step by step and within 
a good approximation, we can assume that there is no correlation between 
two consecutive steps in the particle growth. The chemical reaction can 
proceed in two different steps [23].
-Si-OH + HO-Si ♦ -Si-0-Si- ♦ H20 (la)
-Si-OR ♦ HO-Si ♦ -SI-0-Si- ♦ ROH (1b)
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Kach step has a leront energy and probability. After the dirers a; * 
formed, the reaction continues to form trimers and longer chain mole­
cules. At low pH, we basically have linear chains while at neutral pH's, 
the particle is comprised of spherical particles. Furthermore, the 
reaction depends upon the substituents attached to the interacting sili­
con atoms.
Because of the very complicated nature of the polymerization proc­
ess, we will initially have to simplify it in order to simulate the 
particle growth. We plan various stages of simplification. At first, we 
will ignore completely the details of the reactions and will concentrate 
only on reaction 1a and the Si-0-Si bond formation in that step. Instead 
of taking into consideration the complete structure of the molecule of 
monosilicic acid and its differing structure depending upon the nature of 
its substituents, we will approximate interacting molecules with Si and 0 
atoms. We will also assume that there is no correlation between consecu­
tive steps in the polymerization process and that the probability of the 
reaction going to completion is constant If only geometrical configurati­
on allows for it. In actuality, this probability is dependent, among 
other things, upon the angle of the incoming SiCOH)^ This will be dealt 
with in a later stage of the simulation. This means we will not be 
concerned with the energy of reaction. The length of the Si-0 bond is 
assumed constant. All these assumptions allow us to use the random walk 
model for the purpose of particle growth simulations. The details of this 
technique along with the results will be described later.
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Tn the next step, we plan to simulate simultaneously the growth of 
several particles with the possibility of bond formations between these 
when they are close enough. This Is very important, as in the real 
system, we have many little particles at the same time, not just one big 
particle.
Finally, we plan to take into account the energy of reaction, which 
determines the probability of forming new Si-O-Si bonds. At present, we 
are not aware of any studies on the energy of Si-O-Si bonds, so knowing 
the energy of the reaction, we will be able to replace the random walk 
model by a more realistic Monte Carlo technique.
B. Numerical Procedure
Initially an SiO^ is placed in a cube of side L. L can vary, but is 
usually set at 100 r, r being the Si-0 bond length. The Initial tetra­
hedron is shown in Fig. 8 . Instead of moving the entire SiO^ group, 
which would cause complicated algebra, Including the use of Euler angles, 
we first move a Si* , and later when the Si*-0-Si0^ bond Is formed, the 
remaining oxygens are attached to Si and are placed in the correct 
positions. The Si can enter the cube from each side of the cube with 
the same probability, and the starting position on the wall, R - (Xj, yj, 
Zj), Is randomly chosen.
To simulate thermal motion of SI* we generate a vector Arn (Axn,
Ayn, Azn) which is added to R. If the resulting position R1 - R ♦ Ar is
outside the cube, we start again; otherwise a new vector Arn is
generated, and thus the Si moves into a new position. This process is
*
continued until the Si leaves the cube or nears an oxygen to which it
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’an bond. To have a realistic simulation, we have to set th^
51-0-Si angle which can vary between 120° and 170° with an average value 
1M°. We will discuss this angle later. These considerations limit Si* 
to be anywhere on a circle, so another angle is chosen randomly and Si 
is set (Fig. 9). In order to put the oxygens on this Si atom, we have 
to use some trigonometric formulae that are characteristic for the 
tetrahedron structure. We will put only 3 oxygens on the Si , assuming 
that the *lth one is on the water molecule that is the byproduct of the 
reaction.
The positions of the oxygens are not completely independent, but are 
related to the Si-O-Si bond and the tetrahedron geometry. In such a way, 
we form a dimer which is illustrated in Fig. 10. The described above 
procedure is repeated on and on and larger and larger particles are 
formed. A particle containing *1 silicons is shown in Fig. 11.
This program was written in Fortran on the Cyber and then trans­
ferred to the SCS VAX because of time and memory limitations. It takes 
about two hours CPU time to make 1200 Si atoms and 2600 oxygen atoms in 
our cluster. This corresponds to an elapsed time of 10 hours. Recent 
attempts at optimization of this program has cut down the time by a 
factor of 25-30^. The figures were generated by the Spher6 program writ­
ten by George Phillips.
C. Results
It is known that the angle between Si-O-Si bonds in glasses varies 
from 120° to 170° but with an average value of HMl°, but smaller values 
have also been reported [24]. In sol-gels one may expect this angle to
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vary in rush broader limUs. Indeed, when we simulated gel particles 
settinr the angle a to 1 only linear chains were formed in which only 
two oxygen bridges per silica are forme From x-ray diffraction, NMR 
high resolution and other techniques, we know that at basic conditions 
the spherical particles are being formed with a majority of silicon atoms 
engaged in 3 and  ^oxygen bond formation. We could simulate such a 
situation only when the angle a was allowed to vary from 120° to 170°.
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Fig* 8 Initial tetrahedron
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Fig. 9 Initial tetrahedron and >i*

38
Fig. 11 (lei Particle
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